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Abstract
A new heavy resonance may be observable at the LHC if it has a significant decay branching fraction into
a pair of photons. We entertain this possibility by looking at the modest excess in the diphoton invariant
mass spectrum around 750 GeV recently reported in the ATLAS and CMS experiments. Assuming that
it is a spinless boson, dubbed s˜, we consider it within a model containing two weak scalar doublets
having zero vacuum expectation values and a scalar singlet in addition to the doublet responsible for
breaking the electroweak symmetry. The model also possesses three Dirac neutral singlet fermions, the
lightest one of which can play the role of dark matter and which participate with the new doublet
scalars in generating light neutrino masses radiatively. We show that the model is consistent with all
phenomenological constraints and can yield a production cross section σ(pp → s˜ → γγ) of roughly
the desired size, mainly via the photon-fusion contribution, without involving extra colored fermions or
bosons. We also discuss other major decay modes of s˜ which are potentially testable in upcoming LHC
measurements.
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I. INTRODUCTION
Some of the recent data collected at the LHC from proton-proton collisions at a center-of-
mass energy of
√
s = 13TeV have turned up tantalizing potential hints of physics beyond the
standard model (SM). Specifically, upon searching for new resonances decaying into two photons,
the ATLAS and CMS Collaborations [1, 2] have reported observing modest excesses above the
backgrounds peaked at a mass value of around 750 GeV with local (global) significances of 3.9σ
and 3.4σ (2.1σ and 1.6σ), respectively [3, 4]. If interpreted as telltales of a resonance, the ATLAS
data suggest that it has a width of about 50GeV, whereas the CMS results prefer it to be
narrower [3, 4]. As pointed out in a number of theoretical works [5] appearing very shortly after
the ATLAS and CMS announcements [1, 2], the cross section of producing the putative heavy
particle decaying into γγ falls within the range of roughly 2-13 fb, and it is possible for its width
to be less than 50GeV or even narrow.
Given the limited statistics of the diphoton excess events, it would still be premature to hold
a definite view concerning these findings. Nevertheless, if the tentative indications of the existence
of a non-SM state are confirmed by upcoming measurements, the acquired data will not only
constitute more conclusive evidence for new physics, but also paint a clearer picture of the new
particle’s properties which will then serve as a test for models. It is therefore of interest in the
meantime to explore a variety of new-physics scenarios that can accommodate it, subject to the
relevant available experimental constraints, and also to look at other aspects of these recent LHC
results [5–11].
Here we consider the possibility that the excess diphoton events proceeded from the decay
of a new spinless boson, which we denote by s˜ and arises due to the presence of a complex
scalar field, ζ , transforming as a singlet under the SM gauge group, SU(2)L×U(1)Y . In our
scenario of interest, the scalar fields also include two new weak doublets, η1 and η2, having zero
vacuum expectation values (VEVs), besides the doublet, Φ, which contains the Higgs boson in
the SM. Moreover, the gauge sector is somewhat expanded in comparison to that of the SM by
the addition of a new Abelian gauge symmetry, U(1)D, under which ζ and η1,2 are charged, while
SM particles are not. Consequently, η1,2 have no direct interactions with a pair of exclusively SM
fermions, whereas s˜ can couple at tree level to the latter because of mixing between the remaining
components of ζ and Φ after they develop nonzero VEVs. Having no VEVs nor couplings to SM
fermion pairs, η1,2 have been termed inert in the literature [12], but being weak doublets they
do interact directly with SM gauge bosons. For simplification, we suppose that the U(1)D gauge
boson has vanishing kinetic mixing with the hypercharge gauge boson, and thus the former can
be regarded as dark. We further assume that all these bosons belong to a more expanded model
that possesses three extra fermions (N1, N2, N3) which are Dirac in nature, charged under U(1)D,
and singlet under the SM gauge group [13]. The lightest mass eigenstate among the new fermions
can serve as a dark matter (DM) candidate if it is also lighter than the inert scalars, and both
these fermions and scalars participate in generating light neutrino masses at the loop level. It is
worth noting that in the absence of the singlets, ζ and N1,2,3, the model corresponds to one of the
possible three-scalar-doublet cases cataloged in Ref. [12] and has been examined for its interesting
potential impact on the Higgs trilinear coupling and electroweak phase transition in Ref. [14].
The remainder of the paper is organized as follows. In the next section, we describe the
salient features of the model and the nonstandard particles’ interactions of concern and masses.
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In Sec. III, we enumerate the major decay modes of s˜. In Sec. IV, we discuss constraints on
the scalars from theoretical requirements, electroweak precision data, and collider measurements.
In Sec.V, we address the requirements on the lightest one of the new fermions being the DM,
how they in conjunction with the inert scalars can give rise to loop-induced Majorana masses
of the light neutrinos, and the implications for lepton flavor violation and the muon anomalous
magnetic moment. We present our numerical analysis in Sec.VI, demonstrating that the model
can generate the requisite LHC values of the production cross-section σ(pp → s˜ → γγ) mainly
via the photon-fusion contribution. Hence our scenario does not involve any colored fermions or
bosons to enhance the s˜γγ coupling. Also, we briefly discuss what other decay modes of s˜ and
additional signatures of the model may be checked experimentally in order to probe the model
more stringently. We give our conclusions in Sec.VII. Some complementary information and
formulas are relegated to a few appendices.
II. MODEL
The quantum numbers of the scalar, lepton doublet, and new Dirac singlet fermion fields are
listed in Table I. The gauge boson associated with U(1)D is referred to as C. Accordingly, we can
express the Lagrangian L describing their renormalizable interactions with each other and with
the SM gauge bosons, Wj and B, as
L =(DρΦ)†DρΦ+ (Dρηa)†Dρηa + (Dρζ)†Dρζ − V
+ Nk
(
i/∂ − gD /C
)
Nk − 12 εBρωCρω − 14CρωCρω + LN , (1)
Dρ∆ = (∂ρ + i
2
gτjW
ρ
j + igYQYBρ + igDQCCρ
)
∆ , ∆ = Φ, η1, η2 ,
Dρζ = (∂ρ + igDQCCρ)ζ , QC(Φ, η1, η2, ζ) = (0, η1,−η2, 2ζ) ,
LN = −(MN )klNk PRNl − (Y1)kl Lk η˜1PRNl − (Y2)kl Lk η˜2PRN cl
− (Yˆ1)klN ck PRNl ζ† − (Yˆ2)klNk PRN cl ζ + H.c. , (2)
V = µ21Φ†Φ+ µ22a η†aηa + µ2ζ |ζ |2 + 12λ1(Φ†Φ)2 + 12λ2a(η†aηa)2 + 12λζ |ζ |4
+ λ3aΦ
†Φ η†aηa + λ3ζΦ
†Φ |ζ |2 + λ4aΦ†ηa η†aΦ + 12
(
λ5Φ
†η1Φ
†η2 +H.c.
)
+ λ6 η
†
1η1 η
†
2η2 + λ7 η
†
1η2 η
†
2η1 + λaζ η
†
aηa |ζ |2 +
(
µηζ η
†
1η2 ζ +H.c.
)
, (3)
where gD and QC are the coupling constant and charge operator of U(1)D, respectively, ε param-
eterizes the tree-level kinetic mixing between the U(1)Y,D gauge bosons, MN is the Dirac mass
Φ η1 η2 ζ Lk Nk
SU(2)L 2 2 2 1 2 1
U(1)Y 1/2 1/2 1/2 0 −1/2 0
U(1)D [Z2] 0 [+] 1 [−] −1 [−] 2 [+] 0 [+] 1 [−]
TABLE I: Charge assignments of the scalars, standard lepton doublets Lk = (νk ℓk)
T, and new singlet
fermions Nk in the model, for k = 1, 2, 3.
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matrix of the singlet fermions, Y1,2 and Yˆ1,2 are Yukawa coupling matrices, η˜a = iτ2η∗a, summation
over a = 1, 2 and j, k, l = 1, 2, 3 is implicit, PR =
1
2
(1 + γ5), and, after electroweak symmetry
breaking, in the unitary gauge
Φ =
(
0
1√
2
(v + φ)
)
, ηa =
(
η+a
η0a
)
, η0a =
Re η0a + i Im η
0
a√
2
, ζ =
v˜ + ς√
2
, (4)
with v and v˜ denoting the vacuum expectation values (VEVs) of Φ and ζ , respectively. The
Hermiticity of V implies that µ21,2a,ζ and λ1,2a,3a,4a,6,7,ζ,3ζ,aζ must be real. Since the phases of η1,2
relative to Φ and ζ can be arranged to render λ5 and µηζ real, without loss of generality we will
choose these parameters to be real. We can also pick a convenient basis such that MN is diagonal,
MN = (M1,M2,M3).
One can see from Eq. (3) that, after Φ and ζ develop nonzero VEVs, their remaining components
φ and ς, respectively, generally mix with each other. Moreover, upon the VEV of ζ being nonzero,
the Yˆ1,2 and µηζ terms break U(1)D into Z2 under which the new fermions and inert scalars are
odd, as Table I indicates, and all the other fields even. Although the lightest electrically neutral
Z2-odd scalar is stable if it is also lighter than N1,2,3, we find that in our parameter space of
interest it cannot be a good DM candidate. This is because its annihilation into SM particles
is too fast due to its tree-level interactions with SM gauge and Higgs bosons and hence cannot
produce enough relic abundance. On the other hand, if the lightest mass eigenstate among the
new fermions is also lighter than the inert scalars, it can play the role of DM, as we will discuss
in more detail later. In the rest of this section and the following two sections we focus on the
new scalars’ interactions and masses, while in Sec.V we look at important implications of the new
fermions’ presence.
After the U(1)D → Z2 breaking, the µηζ terms also induce the mixing of Z2-odd scalars of the
same electric charge. To examine this more closely, we can write the part of L from V which is
quadratic in the scalar fields as
L ⊃ −1
2
(φ ς) M2φς
(
φ
ς
)
− (η−1 η−2 ) M2C
(
η+1
η+2
)
− 1
2
ηT0M
2
0 η0 , (5)
where the expressions for the matrices M2φς , M
2
C , M
2
0 , and η0 can be found in Appendix A.
Upon diagonalizing M2φς , we obtain the mass eigenstates h and s˜ and their respective masses
mh and ms˜ given by(
φ
ς
)
=
(
cξ sξ
−sξ cξ
)(
h
s˜
)
≡ Oφς
(
h
s˜
)
, cξ = cos ξ , sξ = sin ξ ,
OTφςM2φςOφς = diag
(
m2h, m
2
s˜
)
,
2m2h,s˜ = m
2
φ +m
2
ς ∓
√(
m2φ −m2ς
)2
+m4φς , tan(2ξ) =
m2φς
m2ς −m2φ
,
m2φ = λ1v
2 , m2ς = λζ v˜
2 , m2φς = 2λ3ζ vv˜ . (6)
It follows that mh ∼ 125GeV and ms˜ ∼ 750GeV. Furthermore, all the tree-level couplings of
h (s˜) to SM fermions and weak bosons, W and Z, are cξ (sξ) times the corresponding SM Higgs
couplings.
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For the electrically charged inert scalars, from the M2C term in Eq. (5), we arrive at the mass
eigenstates H±1,2 and their masses mH1,H2 given by(
η+1
η+2
)
=
(
cH sH
−sH cH
)(
H+1
H+2
)
≡ UC
(
H+1
H+2
)
, cH = cos θH , sH = sin θH ,
U †CM2C UC = diag
(
m2H1 , m
2
H2
)
, mHa ≡ mH±a ,
2m2H1,H2 = m
2
c1 +m
2
c2 ∓
√(
m2c1 −m2c2
)2
+m4cζ , tan(2θH) =
m2cζ
m2c2 −m2c1
, (7)
where m2ca,cζ are related to other parameters in Eq. (A1) and we have taken µηζ , and hence m
2
cζ,
to be real. Similarly, the mixing of the electrically neutral inert scalars gives rise to the mass
eigenstates Sa and Pa with their respective masses mSa and mPa according to

Re η01
Re η02
Im η01
Im η02

 =


cS sS 0 0
−sS cS 0 0
0 0 cP sP
0 0 sP −cP




S1
S2
P1
P2

 ≡ O0


S1
S2
P1
P2

 ,
cS = cos θS , sS = sin θS , cP = cos θP , sP = sin θP ,
OT0M20O0 = diag
(
m2S1 , m
2
S2, m
2
P1 , m
2
P2
)
,
2m2S1,S2 = m
2
n1
+m2n2 ∓
√(
m2n1 −m2n2
)2
+m4nζ , tan(2θS) =
m2nζ
m2n2 −m2n1
,
2m2P1,P2 = m
2
n1
+m2n2 ∓
√(
m2n1 −m2n2
)2
+ m˜4nζ , tan(2θP ) =
m˜2nζ
m2n2 −m2n1
, (8)
where m2na , m
2
nζ , and m˜
2
nζ are defined in Eq. (A4). From the last two lines we get
m2S1 +m
2
S2 = m
2
P1 +m
2
P2 .
The simple form of O0 above is due to µηζ again as well as λ5, and hence m2nζ and m˜2nζ , being real,
which in view of Eq. (A1) also implies that
m2nζ = m˜
2
nζ + 2m
2
cζ .
The kinetic portion of L in Eq. (1) contains the interactions of the scalars with the SM gauge
bosons,
L ⊃ g
2
{[
(cHcS + sHsS) i
(
H+1
↔
∂
µS1 +H+2
↔
∂
µS2
)
+ (cHsS − sHcS) i
(
H+1
↔
∂
µS2 −H+2
↔
∂
µS1
)
+ (cHcP − sHsP )
(
H+1
↔
∂
µP1 −H+2
↔
∂
µP2
)
+ (cHsP + sHcP )
(
H+1
↔
∂
µP2 +H+2
↔
∂
µP1
)]
W−µ
+ H.c.
}
+
g
2cw
[
(cScP − sSsP )
(P1↔∂µS1 − P2↔∂µS2) + (cSsP + sScP ) (P1↔∂µS2 + P2↔∂µS1)]Zµ
+ i
(
H+1
↔
∂
µH−1 +H
+
2
↔
∂
µH−2
)(
eAµ − gLZµ
)
+
(
H+1 H
−
1 +H
+
2 H
−
2
)[g2
2
W+µW−µ +
(
eA− gLZ
)2]
+
g2
4
[
(cξh+ sξ s˜+ v)
2 + S21 + S22 + P21 + P22
](
W+µW−µ +
Z2
2c2w
)
, (9)
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where
X
↔
∂µY = X∂µY − Y ∂µX , gL =
g
2cw
(
2s2w − 1
)
, cw = cos θw =
√
1− s2w , (10)
with θw being the usual Weinberg angle. These affect the oblique electroweak parameters, to be
treated later on.
From Eq. (9), one can see that at tree level the masses of the W and Z bosons are related to v
by mW = cwmZ = gv/2, just as in the SM. Although not displayed, there are also terms for the
interactions of ηa with the dark gauge boson C, from which we obtain its mass to be mC = 2gDv˜.
Numerically, we assume that mC > ms˜, which is reasonable because the preferred value of v˜ is at
least a few TeV, as will be seen later.
The kinetic part of L in Eq. (1) also contains the tree-level mixing between B and C parame-
terized by ε, which can be of O(1). Since η1,2 carry both U(1)Y and U(1)D charges, these scalars
give rise to loop-induced kinetic mixing between B and C. For simplicity, we suppose that the
sum of these tree- and loop-level contributions is such that the kinetic mixing between B and C
is negligible, as stated in Sec. I.
Now, from the potential in Eq. (3), we derive
L ⊃ −
[
1
2
λs˜hhh
2 + λs˜HaHaH
+
a H
−
a + λs˜H1H2
(
H+1 H
−
2 +H
+
2 H
−
1
)]
s˜v˜
−
(
1
2
λs˜SaSaS2a + 12λs˜PaPaP2a + λs˜P1P2P1P2 + λs˜S1S2S1S2
)
s˜v˜
−
(
1
6
λhhhh
2 + λhHaHaH
+
a H
−
a
)
hv , (11)
where summation over a = 1, 2 is implicit and the formulas for the λ’s are given in Appendix A.
These couplings determine the amplitudes for s˜ decays into hh or a pair of the inert scalars if
kinematically allowed and, along with Eq. (9), are pertinent to h and s˜ decays into γγ and γZ.
These are some of the prominent decay channels of s˜, to which we turn next.
III. DECAY MODES OF s˜
To examine the most important decay modes of s˜, we set its mass to be ms˜ = 750GeV for
definiteness, whereas in the case of h we assign mh = 125.1GeV, in accord with the latest mass
determination [15]. Hence s˜ can decay directly into hh and, if kinematically permitted, into a pair
of the inert scalars or new singlet fermions. With X and Y representing the two scalars in the
final state, for ms˜ > mX +mY the decay rate is
Γ(s˜→ XY) = |λs˜XY v˜|
2
(1 + δXY)16πm3s˜
√(
m2s˜ −m2X −m2Y
)2 − 4m2Xm2Y , (12)
where the λs˜XY expressions for various XY pairs are collected in Eqs. (A9)-(A14) and δXY = 1 (0)
if X = Y (X 6= Y). Thus, for instance, Γ(s˜ → hh) ≃ 1.25 × 10−5 |λs˜hhv˜|2/GeV. The s˜ decays
into final states containing 3 scalars may also happen, but such channels have relatively much
smaller rates due to phase-space suppression and therefore can be neglected. For the s˜ decay into
the singlet fermions, the rate turns out to be small in the parameter space of interest, and so we
will neglect the effect of this channel on the total width of s˜ hereafter.
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Because of the φ-ς mixing as specified in Eq. (6), all the tree-level couplings of h (s˜) to SM
fermions, W , and Z are cξ (sξ) times the corresponding SM Higgs couplings. It follows that, since
a SM Higgs boson of mass 750GeV decays almost entirely into W+W−, ZZ, tt¯ at rates which
obey the ratio Γ
(
h750SM → W+W−
)
: Γ
(
h750SM → ZZ
)
: Γ
(
h750SM → tt¯
)
= 145 : 72 : 30 and amount to
247GeV [16], the rates of s˜→ W+W−, ZZ, tt¯ conform to the same ratio,
Γ(s˜→W+W−) : Γ(s˜→ ZZ) : Γ(s˜→ tt¯) = 145 : 72 : 30 , (13)
and sum up to
Γ(s˜→ W+W−) + Γ(s˜→ ZZ) + Γ(s˜→ tt¯) = 247 GeV s2ξ . (14)
Our main channel of interest, s˜ → γγ, as well as s˜ → γZ, arise from t, W , and H1,2 loop
diagrams, in analogy to h→ γγ and h→ γZ, respectively. In the absence of the singlet scalar,
we have derived the rates of the latter decays in Ref. [14]. Modifying the rate formulas in the
presence of s˜, we now have
Γ(h→ γγ) = α
2GFm
3
h
128
√
2π3
∣∣∣∣∣4cξ3 Aγγ1/2(κt) + cξAγγ1 (κW ) +
2∑
a=1
λhHaHav
2
2m2Ha
Aγγ0 (κHa)
∣∣∣∣∣
2
,
Γ(h→ γZ) = αG
2
Fm
2
W (m
2
h −m2Z)3
64π4m3h
∣∣∣∣6− 16s2w3cw cξAγZ1/2(κt, zt) + cξcwAγZ1 (κW , zW )
− 1− 2s
2
w
cw
2∑
a=1
λhHaHav
2
2m2Ha
AγZ0 (κHa , zHa)
∣∣∣∣∣
2
, (15)
where α = 1/128 and GF are the usual fine-structure and Fermi constants, respectively, the
expressions for the form factors Aγγ,γZ0,1/2,1 are available from Ref. [17], the A
γγ,γZ
0 terms originate
from the H1,2 loop diagrams, κβ = 4m
2
β/m
2
h, and zβ = 4m
2
β/m
2
Z . Accordingly, we can deduce the
rates of s˜→ γγ, γZ to be
Γ(s˜→ γγ) = α
2GFm
3
s˜
128
√
2π3
∣∣∣∣∣4sξ3 Aγγ1/2 (κ˜t) + sξAγγ1 (κ˜W ) +
2∑
a=1
λs˜HaHavv˜
2m2Ha
Aγγ0 (κ˜Ha)
∣∣∣∣∣
2
,
Γ(s˜→ γZ) = αG
2
Fm
2
W (m
2
s˜ −m2Z)3
64π4m3s˜
∣∣∣∣6− 16s2w3cw sξAγZ1/2 (κ˜t, zt) + sξcwAγZ1 (κ˜W , zW )
− 1− 2s
2
w
cw
2∑
a=1
λs˜HaHavv˜
2m2Ha
AγZ0 (κ˜Ha , zHa)
∣∣∣∣∣
2
, (16)
where κ˜β = 4m
2
β/m
2
s˜ and in this case we set α = 1/125.
The aforementioned s decay channels are the relevant contributions to Γs˜. It follows that we
can write for the branching fraction of s˜→ γγ
B(s˜→ γγ) = Γs˜→γγ
Γs˜
,
Γs˜ ≃ Γ(s˜→ γγ) + Γ(s˜→ γZ) + Γ(s˜→ hh) + 247 GeV s2ξ +
∑
inert
Γ(s˜→ XY) , (17)
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where in the last term of the second line the sum includes only decay modes with the inert scalar
masses satisfying mX + mY < ms˜. As mentioned above, it is also possible for s˜ to decay into
a pair of the new singlet fermions if they are sufficiently light, but in this study we concentrate
on the parameter space where their couplings to s˜ are small enough to make such decay channels
negligible.
IV. CONSTRAINTS ON NEW SCALARS
A. Theoretical constraints
The parameters in the scalar potential need to meet a number of theoretical requirements. The
stability of the vacuum implies that V must be bounded from below. This entails that
λ1, λζ, λ21, λ22 > 0 ,
∣∣∣∣∣∣
λ1 λ
′
1 λ
′
2
λ′1 λ21 λ
′
3
λ′2 λ
0
6 + λ
0
7 λ22
∣∣∣∣∣∣ > 0 ,
∣∣∣∣∣∣∣∣∣
λ1 λ
0
3ζ λ
′
1 λ
′
2
λ03ζ λx λ
0
1ζ λ
0
2ζ
λ′1 λ
0
1ζ λ21 λ
′
3
λ′2 λ
0
2ζ λ
′
3 λ22
∣∣∣∣∣∣∣∣∣
> 0 , (18)
where λ0x ≡ Min(0, λx), λ′1 = min(0, λ31+λ41), λ′2 = min(0, λ32+λ42), and λ′3 = min(0, λ6+λ7).
In addition, for the theory to remain perturbative the magnitudes of the λ parameters need to
be capped. Thus, in numerical work we impose |λx| < 8π for the individual couplings, which is
similar to the condition in the two-Higgs-doublet case [18].
A complementary limitation on λx comes from the demand that the amplitudes for the scalar-
scalar scattering s1s2 → s3s4 at high energies respect tree-level unitarity. Also consequential is
to ensure that the scalar couplings have values that maintain the vanishing of the VEVs of the
inert doublets. We elaborate on these extra restrictions in Appendix B. Numerically, they turn
out to be rather mild.
B. Electroweak precision tests
The nonstandard interactions in Eq. (9) and those induced by the φ-ς mixing bring about
changes, ∆S and ∆T , to the so-called oblique electroweak parameters S and T which encode the
impact of new physics not coupled directly to SM fermions [19]. At the one-loop level [19, 20]
α∆S
4c2ws
2
w
=
AZZ (m
2
Z)− AZZ(0)
m2Z
− A′γγ(0)−
c2w − s2w
cwsw
A′γZ(0) ,
α∆T =
AWW (0)
m2W
− AZZ(0)
m2Z
, (19)
where AXY(q
2) are functions that can be extracted from the vacuum polarization tensors Πµν
XY
(q2) =
AXY(q
2)gµν+[qµqν terms] of the SM gauge bosons due to the new scalars’ impact at the loop level,
and A′
XY
(0) = [dAXY(q
2)/dq2]q2=0. Here the pertinent loop diagrams are depicted in Fig. 1.
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Ha
γ γ, Z
Ha
γ γ, Z
Ha
Z Z
Sa
Z Z
Pc
h, s˜,Ha,Sa,Pa
Z Z Z Z
h, s˜
H+a
W+ W+
Sc,Pc
h, s˜,Ha,Sa,Pa
W+ W+ W+ W+
h, s˜
FIG. 1: Feynman diagrams for the contributions of the scalar singlet and inert scalar doublets to the
oblique electroweak parameters ∆S and ∆T .
After evaluating them and subtracting the SM contributions, we arrive at
6π∆S = ln
mS1mS2
mH1mH2
− 5
6
+ cos2(θS + θP ) F˜
(
mS1 , mP1 , mS2, mP2
)
+ sin2(θS + θP ) F˜
(
mS1 , mP2 , mS2 , mP1
)
+ s2ξ
{
m2s˜ −m2h
4m2Z
+
[
11m2Z −m2h(
m2Z −m2h
)
2 +
1
m2Z
]
F(mh, mZ)
2
−
[
11m2Z −m2s˜(
m2Z −m2s˜
)
2 +
1
m2Z
]
F(ms˜, mZ)
2
}
, (20)
16πm2Ws
2
w∆T = cos
2(θH − θS)
(F(mH1, mS1) + F(mH2, mS2))
+ sin2(θH − θS)
(F(mH1, mS2) + F(mH2, mS1))
+ cos2(θH + θP )
(F(mH1, mP1) + F(mH2 , mP2))
+ sin2(θH + θP )
(F(mH2, mP1) + F(mH1, mP2))
− cos2(θS + θP )
(F(mS1, mP1) + F(mS2 , mP2))
− sin2(θS + θP )
(F(mS1, mP2) + F(mP1, mS2))
+ 3s2ξ
(F(mW , mh)−F(mW , ms˜)− F(mZ , mh) + F(mZ , ms˜)) , (21)
where
F(m,n) = m
2 + n2
2
− m
2n2
m2 − n2 ln
m2
n2
, (22)
F˜ (m1, n1, m2, n2) =
[
m21 + n
2
1(
m21 − n21
)
2 −
1
m21
]
F(m1, n1)
2
+
[
m22 + n
2
2(
m22 − n22
)
2 −
1
m22
]
F(m2, n2)
2
+
n21
4m21
+
n22
4m22
, (23)
and hence F(m,m) = 0 and F˜ (m,m, n, n) = 5/6. To check these results, we have also obtained
them by employing the formulas provided in Ref. [21]. In our numerical analysis, we apply the
∆S and ∆T ranges determined in Ref. [20].
9
C. Collider constraints
Based on Eq. (9), we may infer from the measured widths of the W and Z bosons and the
absence yet of evidence for non-SM particles in their decay modes that for a, b = 1, 2
mHa +mSb > mW , mHa +mPb > mW , 2mHa > mZ , mSa +mPb > mZ . (24)
The null results so far of direct searches for new particles at e+e− colliders also translate into
lower limits on these masses, especially those of the charged scalars. In our numerical exploration
we will then generally consider the mass regions mHa,Sa,Pa > 100GeV.
Given that the mixing parameter cξ defined in Eq. (6) is the rescaling factor of the h couplings
to ordinary fermions and weak bosons with respect to their SM counterparts, it needs to satisfy
the findings in the LHC experiments that the h couplings cannot deviate by much more than
∼10% from their SM values [22]. Moreover, for models with a singlet scalar which mixes with the
noninert scalar doublet, global fits [23] to the data yield |cξ|&0.86. Consequently, we may place
the restraint
|sξ| < 0.3 . (25)
Since the decay h → γγ has been measured at the LHC, the data imply restrictions on the
H1,2 contributions to Γ(h → γγ), which we will take into account. On the other hand, although
the invisible decay channel of h is also subject to LHC searches, its limit will not apply to our
case because the inert scalar masses are chosen to exceed mh.
Additional constraints on our scenario come from the fact that searches for new physics in LHC
Run 1 did not produce any clear signals of s˜ in its possible decay modes. For the major ones, the
data from pp collisions at
√
s = 8TeV imply the estimated cross-section limits [5]
σ(pp→ s˜→ γγ)8TeV . 2.3 fb [24, 25] ,
σ(pp→ s˜→ γZ)8TeV . 4.0 fb [26] ,
σ(pp→ s˜→WW )8TeV . 47 fb [27, 28] ,
σ(pp→ s˜→ ZZ)8TeV . 27 fb [29] ,
σ(pp→ s˜→ hh)8TeV . 41 fb [30] ,
σ(pp→ s˜→ tt¯)8TeV . 700 fb [31] . (26)
V. CONSTRAINTS ON NEW FERMIONS
The interactions of the Dirac singlet fermions Nk with the scalars are described by Eq. (2).
The Y1,2 terms in LN are responsible for endowing light neutrinos with masses as well as inducing
charged leptons’ flavor-violating transitions and anomalous magnetic moments, all via loop dia-
grams. As discussed in Appendix C, the Yˆ1,2 couplings of Nk in Eq. (2) not only cause their chiral
components to mix and transform into Majorana particles, but also dictate their interactions with
h and s˜. As this transformation involves mixing matrices with unknown elements and our main
purpose here is to show that the model possesses a viable candidate for DM, in the following for
simplicity we present formulas and results related to Nk where the mixing effects can be neglected.
Including the latter would only increase the number of free parameters and hence would not alter
our basic conclusions.
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A. Radiative neutrino masses and ℓ → ℓ′γ transitions
The effective Lagrangian for light neutrinos’ Majorana masses has the form
Lmν = −12 νck (Mν)klPLνl + H.c. , (27)
where k, l = 1, 2, 3 are summed over, PL =
1
2
(1 − γ5), and the mass matrix Mν is related
to the neutrino eigenmasses m1,2,3 by the diagonalization formula diag
(
m1, m2, m3
)
= UTMν U
involving the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) unitary matrix U . The interactions of
the Z2-odd fermions and neutral inert scalars given by Eq. (2) provide a mechanism for generating
Mν radiatively via one-loop diagrams involving Nj , Sa, and Pa.
Thus, we obtain
(Mν)or =
(Y1)oj(Y2)rj + (Y2)oj(Y1)rj
16π2
Mj
(
cSsS m
2
S1
M2j −m2S1
ln
m2S1
M2j
− cSsS m
2
S2
M2j −m2S2
ln
m2S2
M2j
+
cP sP m
2
P1
M2j −m2P1
ln
m2P1
M2j
− cP sP m
2
P2
M2j −m2P2
ln
m2P2
M2j
)
, (28)
summation over j = 1, 2, 3 being implicit.1 One notices that theMν elements are identically zero
if one of Y1,2 is absent or sS = sP = 0, implying that the presence of both η1,2 is necessary for
creating the masses of light neutrinos. However, (Mν)kl = 0 can still happen if mS1 = mS2 and
mP1 = mP2 simultaneously.
The Z2-odd fermions and H
±
a together give rise to one-loop diagrams responsible for ℓ → ℓ′γ
transitions which are subject to stringent experimental constraints. The diagrams lead us to the
branching fraction of the flavor-violating decay ℓr → ℓoγ
B(ℓr → ℓoγ) = 3αB(ℓr → ℓoνν¯) v
4
32π
∣∣∣∣∣
∑
j=1,2,3
[
Cojrj
m2H1
F
(
M2j
m2H1
)
+
C′ojrj
m2H2
F
(
M2j
m2H2
)]∣∣∣∣∣
2
(29)
and a contribution to the anomalous magnetic moment aµ of the muon
δaµ =
−m2µ
16π2
∑
j=1,2,3
[
C2j2j
m2H1
F
(
M2j
m2H1
)
+
C
′
2j2j
m2H2
F
(
M2j
m2H2
)]
, (30)
where F(x) =
(
1− 6x+ 3x2 + 2x3 − 6x2 ln x)/[6(1− x)4],
Cojrj = c
2
H
(Y1)oj(Y∗1)rj + s2H(Y2)oj(Y∗2)rj ,
C
′
ojrj = s
2
H
(Y1)oj(Y∗1)rj + c2H(Y2)oj(Y∗2)rj . (31)
Since 0 ≤ F(x) ≤ 1/6 for x ≥ 0, it is obvious from the last two equations that the contribution
of the Z2-odd particles in this model to aµ is never positive, δaµ ≤ 0.
Experiments have indicated that neutrino masses are tiny and that the room for new physics
in ℓ → ℓ′γ transitions continues to shrink. One can then see from Eqs. (29) and (30) that the
elements of the Yukawa coupling matrices Y1,2 generally cannot be sizable, unless Mj are very
large, θS,P are small, or fine cancellations occur.
1 If U(1)D is unbroken, this Mν result becomes that of Ref. [13], up to an overall minus sign, with θS = θP = θ
and mSa = mPa = mχa as defined therein.
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B. Fermionic dark matter
We select the lightest mass eigenstate among the singlet fermions to be lighter than all other
Z2-odd particles, and so it is a candidate for DM. There are many final states into which it
can annihilate, depending on its mass, such as ℓ−o ℓ
+
r , νoνr, qq¯,W
+W−, ZZ, hh, hs˜, s˜s˜, where q is
a quark. The ℓ−o ℓ
+
r and νoνr modes, mostly due to t- and u-channel diagrams mediated by the
inert scalars, are controlled by (Y1,2)j1. Although these couplings are not big, they can bring
about consequential contributions to the DM annihilation rate, as will be addressed later. Also
potentially pertinent are contributions involving the bb¯,W+W−, ZZ, and tt¯ final-states and arising
at tree level from h- and s˜-exchange diagrams in the s channel, which depend on the other Yukawa
couplings, (Yˆ1,2)11. The cross sections of some of these processes are relegated to Appendix C.
Given that direct searches for DM have led to stringent restrictions on the DM interaction with
the nucleon, we need to take them into account. In this case, the DM-nucleon scattering proceeds
largely from t-channel diagrams mediated at tree level by h and s˜. The resulting cross-section is
also written down in Appendix C.
VI. NUMERICAL RESULTS
Since the s˜ couplings to SM fermions and weak bosons are sξ times their SM Higgs counterparts,
we can estimate the gluon fusion and vector-boson (W and Z) fusion contributions to the cross
section σ(pp→ s˜) from those of a 750GeV SM Higgs at √s = 13TeV, namely [32, 33] σgF
(
pp→
h750SM
)
= 4.693× 156.8 fb ≃ 736 fb and σVBF
(
pp→ h750SM
)
= 2.496× 52.35 fb ≃ 131 fb. Thus
σgF+VBF(pp→ s˜) = s2ξ × 867 fb . (32)
Another contribution to σ(pp→ s˜) comes from photon fusion [8–10, 34]. It has been considered in
other studies on this diphoton excess [11] and can expectedly yield substantial effects if B(s˜→ γγ)
is sizable. At
√
s = 13TeV, the cross section of this production mode is [10]
σγF(pp→ s˜) = 1.08× 104 × Γs˜
45 GeV
× B(s˜→ γγ) fb , (33)
owing to the elastic, partially inelastic, and fully inelastic collisions of the protons, the latter
two being dominant [8, 10]. Therefore, the total production cross-section of s˜ decaying into the
diphoton is
σ(pp→ s˜→ γγ) = [σgF+VBF(pp→ s˜) + σγF(pp→ s˜)] × B(s˜→ γγ) , (34)
where B(s˜→ γγ) is given by Eq. (17).
Employing Eq. (34), we explore the parameter space of the model in order to attain the cross-
section level inferred from the ATLAS and CMS reports on the 750GeV diphoton excess [1–4],
namely [5]
σ(pp→ s˜→ γγ)LHC ∼ (2− 13) fb , (35)
as well as the s˜ total width Γs˜ ≤ 50GeV. Simultaneously, we take into account the perturbativity,
vacuum stability, and unitarity conditions, oblique electroweak parameter tests, and restraints
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from LHC measurements of B(h → γγ), as discussed in Sec. IV. Furthermore, we consider the
charged scalars’ mass regions m2Ha > 100GeV and let v˜, the VEV of the singlet scalar, vary
between 3 and 10 TeV, for v˜ < O(1TeV) would be inadequate for helping enhance the s˜γγ
coupling to the right magnitude.
As it turns out, there are viable regions in the model parameter space which satisfy the different
requirements. To illustrate this, we present in Fig. 2 the distributions of approximately six thou-
sand randomly-generated benchmark points on the planes of various pairs of quantities. The top
left panel shows Rhγγ = Γ(h → γγ)/Γ0(h → γγ) versus RhγZ = Γ(h → γZ)/Γ0(h → γZ), where
Γ0(h → γγ, γZ) stand for the SM rates and are the same in form as Γ(h → γγ, γZ) in Eq. (15),
respectively, but with cξ = 1 and λhHaHa = 0. Clearly, the model predicts a positive correlation
between Rhγγ and RhγZ , which will be testable once the empirical information on h → γZ has
become precise enough. In view of the purple (blue) horizontal lines marking the 1σ range of Rhγγ
from ATLAS (CMS) [22], we expect that many of the predictions which still agree well with the
current data will also be tested by upcoming LHC measurements. In addition, using the color
guide on the vertical palette accompanying the plot, we see that the preferred values of the mass
mH1 of the lighter of the charged inert scalars are not far from ms˜/2. This is not unexpected
because H1 with a mass near ms˜/2 helps maximize the s˜→ γγ rate.
The top right and middle panels of Fig. 2 exhibit the distributions on the mH1-mH2 , mS1-mS2,
and mP1-mP2 planes. Evidently, all the inert scalars’ masses are greater than ms˜/2, but mH1 , as
already mentioned in the last paragraph, and mS1 do not reach very far away from ms˜/2, while
mP1 can go up to 730GeV or so. In contrast, the values of mH2,S2,P2 lie predominantly in the
multi-TeV region, but we also see numerous points corresponding to mH2,S2,P2 around or below
1TeV. For all these masses, the invisible decay channel of s˜ into a pair of inert scalars is of course
closed. Based on the accompanying palettes, which provide color guides on the mixing parameters
s2H,S,P = sin
2θH,S,P , we deduce that the mixing in each of the three sectors is very suppressed for
the majority of the benchmark points, with s2H,S,P < 10
−4, whereas for mH2,S2,P2 ≤O(1TeV) the
mixing can be significant, with |sH,S,P | as high as O(0.5). Recalling Eq. (20) for ∆S and ∆T , one
realizes that these different results on the masses and mixing of the inert scalars comply with the
restrictions from electroweak precision data.
The bottom left panel of Fig. 2 depicts the maximum size of individual quartic scalar couplings
versus the minimum size of them, with the palette reading the cross section σ(pp→ s˜→ γγ) in fb.
It is obvious that one or more of the couplings need to be fairly large in magnitude, exceeding 6 for
most of the benchmarks, which is one of the conditions for the cross section to rise to the desired
level. The resulting predictions for σ(pp → s˜ → γγ) appear to lie primarily within the range of
2-7 fb. We also notice that for a preponderance of the points the minimum of the quartic couplings
is ∼0.005 or higher, which happens to belong to λζ. In these cases, m2s˜ is chiefly determined by
the m2ς = λζ v˜
2 contribution, as can be concluded from Eq. (6).
The bottom right panel of Fig. 2 displays the new scalars’ contributions to the oblique elec-
troweak parameters. The plot shows that a substantial fraction of the benchmarks are within
the empirical 1σ area. With the palette signifying the amount of relative mass splitting
δˆ = 1 − (mS1 + mP1)/(2mH1) between H1 and its lightest neutral counterparts, we also ob-
serve that ∆S has a dependence on δˆ, which is similar to the situation in a newly proposed model
involving an inert scalar doublet [35].
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FIG. 2: Top left panel: the ratio Rhγγ = Γ(h → γγ)/Γ(h → γγ)sm versus its γZ counterpart; the
horizontal lines mark the 1σ ranges of Rhγγ from ATLAS and CMS [22]; the palette reads the value
of mH1 in GeV. Top right and middle panels: the masses of the inert scalars; the palettes read their
respective mixing parameters s2H,S,P = sin
2θH,S,P . Bottom left panel: the maximum and minimum
magnitudes of the scalars’ quartic couplings λs; the palette reads the cross section σ(pp → s˜ → γγ)
in fb. Bottom right panel: the oblique electroweak precision parameters, ∆S and ∆T ; the contours, from
smallest to biggest, represent the empirical 68%, 95%, and 99% confidence level, respectively; the palette
reads the relative mass difference 1− (mS1 +mP1)/(2mH1).
Before proceeding to the next figure, we would like to remark that the aforesaid tendency of
the bulk of mH2,S2,P2 values to be in the multi-TeV region is attributable to the necessity for one
or more of the scalar quartic couplings and v˜ to be big enough to boost the s˜ → γγ rate to the
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desired amount. On the other hand, mH1,S1,P1 have to be fairly close to ms˜/2 and in numerous
cases mH2,S2,P2 can also be sub-TeV, implying that a degree of fine tuning is unavoidable to
achieve such relatively low masses. More precisely, this entails partial cancelation of order 10−4 or
so mainly between the µ22a and λaζ v˜
2 parts of m2ca,na in mHa,Sa,Pa , as can be inferred from Eqs. (7),
(8), (A2), and (A4).
For a closer view on σ(pp→ s˜→ γγ), we graph benchmarks for it versus the s˜ total width, Γs˜,
in the top left panel of Fig. 3. Obviously, our parameter space of interest can yield a cross section
within the empirical range in Eq. (35) and also Γs˜ between ∼1 and 6 GeV. With the palette reading
the fractional value of the combined contribution from gluon fusion and vector-boson fusion, it
is clear that in these instances the role of photon fusion is crucial, being responsible for between
∼80 percent and upper-ninety percent of σ(pp→ s˜→ γγ).
Correspondingly, as the top right panel of Fig. 3 reveals, the branching fraction B(s˜ → γγ)
varies from about 2 to 22 percent, whereas B(s˜→ hh) is mostly between 15 and 23 percent. The
substantial B(s˜→ γγ) numbers have resulted from the aforementioned big size of one or more of
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FIG. 3: Top left panel: the cross section σ(pp→ s˜→ γγ) versus the total s˜ width Γs˜ = Γtots˜ ; the palette
reads the fractional amount of the combined contribution in Eq. (32) from gluon fusion and vector-boson
fusion. Top right panel: the branching fractions B(s˜→ γγ) and B(s˜→ hh); the palette reads s2ξ = sin2ξ.
Bottom panel: the ratios Rsγγ and RsγZ of Γ(s˜→ γγ, γZ), respectively, to their counterparts without the
H1,2 contributions; the palette reads s
2
ξ .
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the quartic couplings, v˜ being in the 3-10 TeV range, and the s˜γγ coupling dominated by the Ha
loop contribution with mH1 ∼ ms˜/2 for the majority of the benchmarks.
Still with the same panel, from the palette one can see that the favored mixing between the
scalar singlet and noninert doublet is rather small, with s2ξ ≤ O(0.02), which is expected at
least on account of the requirements from electroweak precision data and compatible with results
found in very recent literature [7]. Accordingly, one can deduce from Eq. (6), for mφ < mς , the
approximation ms˜ ∼
√
λζ v˜, and for our choice of v˜ = 3-10 TeV this causes λζ to be quite
suppressed, below O(0.06). These findings fit the comments earlier concerning the bottom left
panel of Fig. 2.
The bottom panel of Fig. 3 depicts some comparison of s˜ → γγ and s˜ → γZ, particularly
Rs˜γγ = Γ(s˜ → γγ)/Γ0(s˜ → γγ) versus Rs˜γZ = Γ(s˜ → γZ)/Γ0(s˜ → γZ), with Γ0(s˜ → γγ, γZ)
being the same in form as Γ(s˜ → γγ, γZ) in Eq. (16), respectively, but with λhHaHa = 0. The
graph reveals that the H1,2 loops can enhance the s˜→ γγ, γZ rates by several orders of magnitude
relative to the case without H1,2 and that there is a positive correlation between Γ(s˜ → γγ, γZ),
which can be checked experimentally. In addition, for all the benchmarks our computation yields
Rs˜γγ ≃ 22Rs˜γZ as well as Γ(s˜ → γγ) ≃ 1.3 Γ(s˜ → γZ). The latter translates into σ(pp → s˜ →
γγ) ≃ 1.3 σ(pp → s˜ → γZ) and hence constitutes another signature of the model which may
also be checked soon at the LHC, as the prediction for σ(pp → s˜ → γZ) is roughly an order of
magnitude below the upper limits recently reported by ATLAS [36] and CMS [37].
Other signatures may be accessible by probing pp → s˜ → hh,W+W−, ZZ, tt¯, although their
cross sections depend on ξ and other parameters. Still, given that B(s˜ → hh) = O(0.2) as
indicated above, the hh channel is potentially reachable if the h pair can be observed with good
precision. Furthermore, since s˜ → W+W−, ZZ, tt¯ have rates adhering to the ratio in Eq. (13),
the cross sections of pp → s˜ → W+W−, ZZ, tt¯ are predicted to obey the same ratio. Therefore,
if |sξ| = O(0.1), they may be sufficiently measurable to allow us to test these predictions.
Now, analogously to Eq. (34), at
√
s = 8TeV the cross section of pp→ s˜ is
σ(pp→ s˜)8TeV = σgF+VBF(pp→ s˜)8TeV + σγF(pp→ s˜)8TeV (36)
consisting of the gluon-, vector-boson-, and photon-fusion contributions [10, 32]
σgF+VBF(pp→ s˜)8TeV = s2ξ × (156.8 + 52.35)fb ,
σγF(pp→ s˜)8TeV = 5.5× 103 ×
Γs˜
45 GeV
× B(s˜→ γγ) fb . (37)
Using these, we can evaluate σ8(pp → s˜ → X) ≡ σ(pp → s˜)8TeVB(s˜ → X) in relation to s2ξ for
X = γγ, γZ,W+W−, ZZ, hh, tt¯ divided by the corresponding experimental limits in Eq. (26). We
display the results in Fig. 4. It is evident from this plot that these restraints lead to a significant
decrease in the number of viable points, as a high percentage of the γγ benchmarks (in red)
resides above the horizontal dotted line. However, currently there is considerable uncertainty in
the ratio between the 8 TeV and 13 TeV estimates of the photon-fusion contributions, which could
imply a reduction of the first numerical factor in σγF(pp → s˜)8TeV in Eq. (37) by up to twice or
more [8–10]. As a consequence, a substantial portion of the parameter space represented by our
scan points may evade the no-signal constraints from the Run 1 searches.
Finally, we would like to illustrate how the new fermions Nj via the calculated quantities in
Eqs. (28)-(30) and Appendix C are subject to the available experimental data on neutrino masses,
16
 0.001
 0.01
 0.1
 1
 10
 0  0.005  0.01  0.015  0.02  0.025
σ
8
(p
p
->
s
->
X
)/
e
x
p
. 
b
o
u
n
d
sin
2ξ
γγ
γZ
WW
ZZ
hh
tt
FIG. 4: The cross sections of pp → s˜ → X for X = γγ, γZ,W+W−, ZZ, hh, tt¯ at the center-of-mass
energy
√
s = 8TeV, each divided by the corresponding experimental upper-bound from Eq. (26), versus
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the ℓ→ ℓ′γ decays, and the muon anomalous magnetic moment aµ. Assuming N1 to be the DM
candidate, we take into account as well the constraints from the observed relic abundance and
DM direct searches. We employ specifically the results of a recent fit to global neutrino data [38],
B(µ→ eγ) < 4.2× 10−13 from the MEG experiment [39], B(τ → µγ) < 4.4× 10−8 and the relic
density value Ωhˆ2 = 0.1186 ± 0.0020 from the Particle Data Group [20], and the newest upper-
limit on DM-nucleon spin-independent elastic cross-section set by the LUX Collaboration [40].
Thus, in the same numerical scans as before, we let Ya,
(
Yˆa
)
11, and Mj vary within the ranges
−0.5 ≤ Ya ≤ 0.5,
∣∣(Yˆ1 + Yˆ∗2)11∣∣ ≤ 1, and Mj = 1-375 GeV, with M2,3 and also the inert scalar
masses being chosen to exceed 1.1M1 to avoid coannihilation effects.
In Fig. 5 we display the results for the absolute values of Ya and for B(µ → eγ), B(τ → µγ),
and |δaµ| versus the DM mass, M1. Given that δaµ in Eq. (30) is not positive and that the
measured and SM values of aµ presently differ by a
exp
µ −asmµ = (288±80)×10−11 [20], in the scans
we have required |δaµ| to be less than the one-sigma error in this difference, |δaµ| < 8 × 10−10.
In Fig. 6, the left panel depicts the relative contributions of the major DM-annihilation channels
N1N1 → X to the total annihilation rate that satisfies the relic density requirement. Evidently,
the ℓℓ¯′ and νν ′ contributions, which involve the Y1,2 elements, are substantial or dominant in the
chosen DM mass range, although the other channels, which are controlled by the Yˆ1,2 elements,
can also be important in different mass regions. The right panel of Fig. 6 shows that the predicted
DM-nucleon cross-section is well below the latest limit from LUX [40], as (Yˆ1,2)11 can be small
enough. Clearly, there is still ample room in the model parameter space that is compatible with
the existing data.
VII. CONCLUSIONS
In this work we have considered the possibility that the observed diphoton excess at an invariant
mass of about 750 GeV recently reported by the ATLAS and CMS Collaborations is an indication
17
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11.
of a new spinless particle. To explain it, we propose an extension of the SM with a new sector
comprising two inert scalar doublets, η1,2, one scalar singlet, ζ , and three Dirac singlet fermions,
N1,2,3, all of which transform under a dark Abelian gauge symmetry, U(1)D. We identify s˜, the
heavier one of the mass eigenstates from the mixing of the singlet with the noninert doublet,
as the 750GeV resonance. The inert doublets play an indispensable role because their charged
components H±1,2 can give rise to the loop-induced s˜γγ coupling of the right strength, with suitable
choices of the model parameters and without the inclusion of extra colored fermions or bosons.
The presence of both inert doublets is also crucial because their components and the singlet
fermions together are responsible for endowing light neutrinos with radiative mass. These new
scalar doublets and fermions are odd under a Z2 symmetry which naturally emerges after the
spontaneous breaking of U(1)D. We choose the lightest mass eigenstate among the singlet fermions
to be the lightest Z2-odd particle and consequently it can serve as a candidate for DM.
18
After taking into account the perturbativity condition, the vacuum stability bound, and the
constraints from electroweak precision tests, we show that within the allowed parameter space
the production cross-section σ(pp → s˜ → γγ) can be of order a few fb, mainly due to the
sizable contribution from photon fusion in our scenario, while the total width Γs˜ lies in the
range of 1-6 GeV. The upcoming data from the LHC with improved precision can be expected
to test this prediction for Γs˜. In addition, we point out that the model also predicts roughly
similar cross-sections of pp → s˜ → γγ, γZ and a specific ratio involving the cross-sections of
pp→ s˜→W+W−, ZZ, tt¯, all of which may be experimentally verified in the near future. Lastly,
we demonstrate that the interactions of the new fermions can be made to fulfill the restraints from
neutrino mass, lepton-flavor violation, muon g−2, and DM data.
As a final note, after this work was submitted for publication, the ATLAS and CMS Collabo-
rations reported [41] that their 2016 data with four times larger statistics than those analyzed in
their earlier reports [3, 4] revealed no significant diphoton excess above the SM backgrounds at
around 750 GeV. Although this does not necessarily rule out the existence of a heavy diphoton
resonance, such a particle if existent would have a relatively smaller production cross-section and
hence probably require much more statistics to discover. On the other hand, theoretically this
implies that it would likely be easier for our model of interest to accommodate the particle, as
the scalar couplings and singlet VEV would not need to have the big values seen in our scans.
Moreover, as the model parameter space is still considerable, if there is another tentative hint
of a heavy diphoton resonance in the future, significantly improved empirical constraints on the
various observables discussed above would be needed to probe the model extensively.
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Appendix A: Scalar masses and couplings
In Eq. (5), the squared-mass matrices M2φς,C,0 and column matrix η0 are given by
M2φς =


m2φ
m2φς
2
m2φς
2
m2ς

 , m2φ = λ1v2 , m2ς = λζ v˜2 , m2φς = 2λ3ζ vv˜ , (A1)
M2C =


m2c1
m2cζ
2
m2∗cζ
2
m2c2

 , m2ca = µ22a + λ3av2 + λaζ v˜22 , m2cζ =
√
2µηζ v˜ , (A2)
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M20 =


m2n1
m2nζ
2
0
−Imm2cζ
2
m2nζ
2
m2n2
Imm2cζ
2
0
0
Imm2cζ
2
m2n1 −
m˜2nζ
2
−Imm2cζ
2
0 −m˜
2
nζ
2
m2n2


, η0 =


Re η01
Re η02
Im η01
Im η02

 , (A3)
m2na = µ
2
2a +
(
λ3a + λ4a
)
v2 + λaζ v˜
2
2
= m2ca +
λ4av
2
2
,
m2nζ =
λ5
2
v2 + Rem2cζ , m˜
2
nζ =
λ5
2
v2 − Rem2cζ . (A4)
The constants µ22a enter only these mass formulas of the inert scalars and can be positive or
negative if nonzero. To arrive at M2φς in Eq. (A1), we have used the relations
µ21 =
−λ1 v2 − λ3ζ v˜2
2
, µ2ζ =
−λζ v˜2 − λ3ζ v2
2
, (A5)
corresponding to the vanishing of the first derivatives of the potential V with respect to φ and ς.
If the parameter µηζ in the potential is complex, so is M
2
C , which can then be diagonalized with
the unitary matrix UC according to
UC =
(
C11 C12
C21 C22
)
, U †CM2C UC = diag
(
m2H1 , m
2
H2
)
,
C11 =
+µηζ√
2
∣∣µηζ∣∣
√
1 +
m2c2 −m2c1
m2H2 −m2H1
=
µηζ∣∣µηζ∣∣ C22 ,
C12 =
µηζ√
2
∣∣µηζ∣∣
√
1 +
m2c1 −m2c2
m2H2 −m2H1
=
−µηζ∣∣µηζ∣∣ C21 . (A6)
As noted earlier, without loss of generality, we can select µηζ to be real, rendering m
2
cζ real as well,
in which case UC has the orthogonal form in Eq. (7).
If µηζ is complex, the matrix O0 that diagonalizes M20 has the form
O0 =


N11 N12 N13 N14
N21 N22 N23 N24
N31 N32 N33 N34
N41 N42 N43 N44

 , (A7)
20
where Nrs are mostly complicated. With µηζ being real instead, these elements are much simpler
N11 =
σ11 sgn
(
m2nζ
)
√
2
√
1 +
m2n2 −m2n1
m2S2 −m2S1
, N12 = σ12√
2
√
1 +
m2n1 −m2n2
m2S2 −m2S1
,
N33 =
σ33 sgn
(
m˜2nζ
)
√
2
√
1 +
m2n2 −m2n1
m2P2 −m2P1
, N34 = σ34√
2
√
1 +
m2n1 −m2n2
m2P2 −m2P1
,
N22 = σ11σ12N11 , N21 = −σ11σ12N12 , N44 = −σ33σ34N33 , N43 = σ33σ34N34 ,
N13 = N14 = N23 = N24 = N31 = N32 = N41 = N42 = 0 ,
σ211 = σ
2
12 = 1 , σ
2
33 = σ
2
34 = 1 , (A8)
where σ11,12,33,34 are independent of each other and can each be either +1 or −1, implying that
we can choose σ11σ12 = σ33σ34 = +1 to get the form of O0 in Eq. (8).
The λ’s in Eq. (11) are
λhhh = 3cξ
(
c2ξλ1 + s
2
ξλ3ζ
)− 3sξ (c2ξλ3ζ + s2ξλζ) v˜v , (A9)
λhH1H1 = cξ
(
c2Hλ31 + s
2
Hλ32
)− sξ
[(
c2Hλ1ζ + s
2
Hλ2ζ
) v˜
v
−
√
2 cHsH
µηζ
v
]
,
λhH2H2 = cξ
(
c2Hλ32 + s
2
Hλ31
)− sξ
[(
c2Hλ2ζ + s
2
Hλ1ζ
) v˜
v
+
√
2 cHsH
µηζ
v
]
, (A10)
λs˜hh = cξ
[(
1− 3s2ξ
)
λ3ζ + 3s
2
ξλζ
]
+ sξ
[(
1− 3c2ξ
)
λ3ζ + 3c
2
ξλ1
] v
v˜
, (A11)
λs˜H1H1 = cξ
(
c2Hλ1ζ + s
2
Hλ2ζ −
√
2 cHsH
µηζ
v˜
)
+ sξ
(
c2Hλ31 + s
2
Hλ32
)v
v˜
,
λs˜H2H2 = cξ
(
c2Hλ2ζ + s
2
Hλ1ζ +
√
2 cHsH
µηζ
v˜
)
+ sξ
(
c2Hλ32 + s
2
Hλ31
)v
v˜
, (A12)
λs˜S1S1 = cξ
(
c2Sλ1ζ + s
2
Sλ2ζ −
√
2 cSsS
µηζ
v˜
)
+ sξ
[
c2S (λ31 + λ41) + s
2
S (λ32 + λ42)− cSsS λ5
] v
v˜
,
λs˜S2S2 = cξ
(
c2Sλ2ζ + s
2
Sλ1ζ +
√
2 cSsS
µηζ
v˜
)
+ sξ
[
c2S (λ32 + λ42) + s
2
S (λ31 + λ41) + cSsS λ5
] v
v˜
,
λs˜S1S2 = cξ
[
cSsS (λ1ζ − λ2ζ) +
(
c2S − s2S
) µηζ√
2 v˜
]
+ sξ
[
cSsS (λ31 + λ41 − λ32 − λ42) + 12
(
c2S − s2S
)
λ5
] v
v˜
, (A13)
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λs˜P1P1 = cξ
(
c2Pλ1ζ + s
2
Pλ2ζ +
√
2 cP sP
µηζ
v˜
)
+ sξ
[
c2P (λ31 + λ41) + s
2
P (λ32 + λ42)− cP sP λ5
] v
v˜
,
λs˜P2P2 = cξ
(
c2Pλ2ζ + s
2
Pλ1ζ −
√
2 cPsP
µηζ
v˜
)
+ sξ
[
c2P (λ32 + λ42) + s
2
P (λ31 + λ41) + cP sP λ5
] v
v˜
,
λs˜P1P2 = cξ
[
cP sP (λ1ζ − λ2ζ)−
(
c2P − s2P
) µηζ√
2 v˜
]
+ sξ
[
cP sP (λ31 + λ41 − λ32 − λ42) + 12
(
c2P − s2P
)
λ5
] v
v˜
. (A14)
We then find
λhH1H1 + λhH2H2 = cξ (λ31 + λ32)− sξ (λ1ζ + λ2ζ)
v˜
v
,
λs˜H1H1 + λs˜H2H2 = cξ (λ1ζ + λ2ζ) + sξ (λ31 + λ32)
v
v˜
. (A15)
Appendix B: Conditions for tree-level unitarity and global minimum of potential
One of the consequential restrictions on the parameters in the scalar potential V is that the
amplitudes for scalar-scalar scattering s1s2 → s3s4 at high energies do not violate unitarity.
Analogously to the situation in two-Higgs-doublet models [42], for the scalar pair smsn we can
work with the nonphysical components of the scalar doublets and singlet,
Φ =
(
ϕ+
ϕ0
)
, Φ† =
(
ϕ− ϕ0∗
)
, ηa =
(
η+a
η0a
)
, η†a =
(
η−a η
0∗
a
)
, ζ , ζ∗ . (B1)
Accordingly, we can select the uncoupled sets of orthonormal pairs{
1√
2
ζζ
}
,
{
ζη01
}
,
{
ζη0∗2
}
,
{
1√
2
η01η
0
1
}
,
{
ζϕ0
}
,
{
η+1 η
−
2 , η
0
1η
0∗
2
}
,
{
1√
2
η0∗2 η
0∗
2
}
,{
ϕ+η−2 , ϕ
0η0∗2 , ϕ
−η+1 , ϕ
0∗η01
}
,
{
ζζ∗, ϕ+ϕ−, ϕ0ϕ0∗, η+1 η
−
1 , η
0
1η
0∗
1 , η
+
2 η
−
2 , η
0
2η
0∗
2
}
,{
ϕ+η01, ϕ
0η+1
}
,
{
ϕ+ϕ0, η+1 η
0
2, η
+
2 η
0
1
}
,
{
ϕ+η02 , ϕ
0η+2
}
(B2)
to construct the matrix containing the tree-level amplitudes for s1s2 → s3s4, which at high
energies are dominated by the contributions of four-particle contact diagrams. We can express
the distinct eigenvalues of this matrix as
λζ , λ1ζ , λ2ζ , λ3ζ , λ21 , λ22 , λ31 ± λ41 , λ32 ± λ42 , λ6 , λ6 + 2λ7 , λ6 − λ7 ,
E± = 12(λ31 + λ32 + 2λ41 + 2λ42)± 12
√
(λ31 − λ32 + 2λ41 − 2λ42)2 + 9λ25 ,
E± =
1
2
(λ31 + λ32)± 12
√
(λ31 − λ32)2 + λ25 ,
E± =
1
2
(λ1 + λ6 + λ7)± 12
√
(λ1 − λ6 − λ7)2 + 2λ25 , (B3)
the solutions E1,2,3 of the cubic polynomial equation
0 = E3 − (λ1 + λ21 + λ22)E2 + [λ1(λ21 + λ22)+ λ21λ22 − λ241 − λ242 − λ27]E
+ λ1
(
λ27 − λ21λ22
)
+ λ21λ
2
42 + λ22λ
2
41 − 2λ41λ42λ7 , (B4)
22
and the solutions E1,2,3,4 of the quartic polynomial equation
0 = E4 − (3λ1 + 3λ21 + 3λ22 + 2λζ)E3
+
[(
9λ1 + 6λζ
)(
λ21 + λ22
)
+ 9λ21λ22 − (2λ31 + λ41)2 − (2λ32 + λ42)2 − (2λ6 + λ7)2
+ 6λ1λζ − 2
(
λ23ζ + λ
2
1ζ + λ
2
2ζ
)]
E2
+
{
(3λ1 + 2λζ)
[
(2λ6 + λ7)
2 − 9λ21λ22
]
+
(
6λ23ζ − 18λ1λζ
)
(λ21 + λ22) + 6(λ1 + λ21)λ
2
2ζ
+ 6(λ1 + λ22)λ
2
1ζ −
[
2(2λ31 + λ41)(2λ32 + λ42) + 4λ1ζλ2ζ
]
(2λ6 + λ7)
− 4[(2λ31 + λ41)λ1ζ + (2λ32 + λ42)λ2ζ]λ3ζ + (3λ21 + 2λζ)(2λ32 + λ42)2
+ (3λ22 + 2λζ)(2λ31 + λ41)
2
}
E
+ 18
[
λ1
(
λ21λ
2
2ζ − λ22λ21ζ + 3λ21λ22λζ
)− λ21λ22λ23ζ]+ 2(2λ6 + λ7)2(λ23ζ − 3λ1λζ)
+ 12
[
λ21(2λ32 + λ42)λ2ζ + λ22(2λ31 + λ41)λ1ζ
]
λ3ζ − 4(2λ31 + λ41)(2λ32 + λ42)λ1ζλ2ζ
+ 2(2λ31 + λ41)
2
(
λ22ζ − 3λ22λζ
)
+ 2(2λ32 + λ42)
2
(
λ21ζ − 3λ21λζ
)
+ 4
{
(2λ31 + λ41)(2λ32 + λ42)λζ −
[
(2λ31 + λ41)λ2ζ + (2λ32 + λ42)λ1ζ
]
λ3ζ
}
(2λ6 + λ7)
+ 12λ1λ1ζλ2ζ(2λ6 + λ7) . (B5)
The requirement of unitarity dictates that each of these eigenvalues not exceed 8π in magnitude.
We now discuss how we ensure that the potential minimum with the VEVs of the inert doublets
being zero is a global minimum. As usual, we get the possible minima of V from the solutions to(
∂V
∂b
)
b=〈b〉
= 0 ,
(
∂V
∂b†
)
b=〈b〉
= 0 , b = Φ, η1, η2, ζ . (B6)
For the VEVs of the multiplets, we adopt the notation
〈ζ〉 = v˜√
2
, 〈Φ〉 = 1√
2
(
0
v
)
, 〈η1〉 = 1√
2
(
0
v1
)
, 〈η2〉 = 1√
2
(
0
v2
)
, (B7)
and so in general v˜, v, v1, and v2 can be zero or nonzero. We have set the charged components of
the doublets to zero in order to preserve the electromagnetic U(1) symmetry. To find the minima,
we construct the 4×4 Hessian matrix having elements ∂2V/(∂bm∂b†n), apply to it the solutions
to Eq. (B6), and require the Hessian to have a positive determinant and positive eigenvalues. The
minimum with the desired vacuum pattern
v˜ 6= 0 , v 6= 0 , v1 = v2 = 0 (B8)
occurs if the parameters in V satisfy the relations in Eq. (A5) and the inequality{[
2µ221 + (λ31 + λ41)v
2 + λ1ζ v˜
2
][
2µ222 + (λ32 + λ42)v
2 + λ2ζ v˜
2
]
− 2µ2ηζ v˜2
}
×
{[
2λ1v
2 + λ3ζ v˜
2 + 2µ21
][
λ3ζv
2 + 2λζ v˜
2 + 2µ2ζ
]
− λ23ζv2v˜2
}
> 0 . (B9)
However, these conditions do not yet guarantee that other minima, with only v1 or v2 being zero
or with none of the VEVs being zero, are not lower. The corresponding expressions in these other
cases are lengthy and hence not shown here. Therefore, to make sure that Eq. (B8) corresponds
to the absolute minimum of V, in numerical simulations we check that the parameter values yield
the lowest V among the different minima, as well as meet all other requirements.
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Appendix C: Masses and interactions of new fermions
From LN in Eq. (2), we can express the terms responsible for the new fermions’ masses as
LN ⊃ L′N = −12
(
(NR)
c NL
)(√2 v˜ Yˆ1 MTN
MN
√
2 v˜ Yˆ2
)(
NR
(NL)
c
)
+ H.c. (C1)
This implies that in the presence of Yˆ1,2 the left- and right-handed components of Nk mix, leading
to Majorana mass eigenstates Nk,L and Nk,R which in general have different masses. In terms of
the latter,
L′N = −12
[
NL mˆL (NL)
c + (NR)
c mˆR NR
]
+ H.c. ,
(
NR
(NL)
c
)
= U
(
NR
(NL)
c
)
,
U =
(
URR URL
ULR ULL
)
,
(
mˆR 0
0 mˆL
)
= UT
(√
2 v˜ Yˆ1 M
T
N
MN
√
2 v˜ Yˆ2
)
U , (C2)
where U is a unitary 6×6 matrix, ULL,LR,RL,RR denote its 3×3 submatrices, and mˆL,R are each
diagonal 3×3 matrices for the eigenmasses. Hence ULL,RR → 1 and ULR,RL → 0 if Yˆ1,2 are
negligible or vanishing. It follows that the interactions of these fermions with the scalars are
described by
LN ⊃ ℓ
[(
cHY1URR − sHY2ULR
)
H−1 +
(
sHY1URR + cHY2ULR
)
H−2
]
NR
+ ℓ
[(
cHY1URL − sHY2ULL
)
H−1 +
(
sHY1URL + cHY2ULL
)
H−2
]
(NL)
c
− 1√
2
ν
[(
cSY1URR − sSY2ULR
)S1 + (sSY1URR + cSY2ULR)S2]NR
− 1√
2
ν
[(
cSY1URL − sSY2ULL
)S1 + (sSY1URL + cSY2ULL)S2](NL)c
+ i√
2
ν
[(
cPY1URR + sPY2ULR
)P1 + (sPY1URR − cPY2ULR)P2]NR
+ i√
2
ν
[(
cPY1URL − sPY2ULL
)P1 + (sPY1URL + cPY2ULL)P2](NL)c
+
sξh− cξ s˜√
2
[
(NR)
c
(
UTRRYˆ1URR + U
T
LRYˆ2ULR
)
NR − 2 NL
(
UTRLYˆ1URR + U
T
LLYˆ2ULR
)
NR
+ NL
(
UTRLYˆ1URL + U
T
LLYˆ2ULL
)
(NL)
c
]
+ H.c. (C3)
Among the important contributions to the DM annihilation rate are those with lepton pairs, ℓℓ¯′
or νν ′, in the final state which are dominated by tree-level contributions from diagrams mediated
by the inert scalars in the t and u channels. If the effects of Yˆ1,2 can be neglected, we take N1 to
be the DM. The cross section of N1N1 → ℓ−o ℓ+r is then
σN
1
N
1
→ℓoℓ¯r =
1
32π
(
s− 4M21
)
{[
c2Hs
2
HL1
M21 + 12s
+
c2Hs
2
HL2
M22 + 12s
+
(
c4H + s
4
H
)
(L1 + L2)
M21 +M22 + s
]
M21 Re
(Y2∗t Y 2u )
+ c2Hs
2
H
(|Yt|4 + |Yu|4)
(√
1− 4M
2
1
s
+
M41 L1 −M42 L2
m2H1s−m2H2s
)
+
(
c4H |Yt|4 + s4H |Yu|4
)
R1 +
(
s4H |Yt|4 + c4H |Yu|4
)
R2
}
, (C4)
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where
La = ln
2M2a + s−
√
s2 − 4M21 s
2M2a + s+
√
s2 − 4M21 s
, Y2t = (Y1)o1(Y1)∗r1 , Y2u = (Y2)o1(Y2)∗r1
M2a = m2Ha −M21 , Ra =
M4a + 12 m2Has
M4a +m2Has
√
1− 4M
2
1
s
+
M2a
s
La . (C5)
For o = r, there are also contributions from h- and s˜-mediated diagrams in the s channel, but
these are suppressed by mℓo/v and hence can be ignored. The cross section of N1N1 → νoνr,
arising from S1,2- and P1,2-exchange diagrams, is much lengthier and not displayed here.
Also potentially important are the channels N1N1 → (h∗, s˜∗) → XSM = bb¯,W+W−, ZZ, tt¯,
each of which has a cross section
σN
1
N
1
→(h∗,s˜∗)→XSM =
c2ξs
2
ξ
2
{(
s− 2M21
)[∣∣(Yˆ1)11∣∣2 + ∣∣(Yˆ2)11∣∣2]+ 4M21 Re[(Yˆ1)11(Yˆ2)11
]}
×
∣∣∣∣ 1s−m2h + iΓhmh −
1
s−m2s˜ + iΓs˜ms˜
∣∣∣∣
2 ΓhSM→XSM
∣∣
m2
h
=s√
s− 4M21
. (C6)
We have also looked at N1N1 → hh, but its contribution turns out to be unimportant in our
parameter space of interest.
The scattering of N1 off a nucleon N at tree level is mediated by h and s˜. The cross section in
the nonrelativistic limit is
σDM-nucleon =
c2ξs
2
ξ g
2
NNhM
2
1m
2
N
∣∣∣(Yˆ1)11 + (Yˆ∗2)11
∣∣∣2
2π
(
M1 +mN
)
2
(
1
m2h
− 1
m2s˜
)2
, (C7)
where the effective Higgs-nucleon coupling gNNh = 0.0011 is at the lower end of its range estimated
in Ref. [43] and thus helps minimize the prediction in light of the strict experimental limits.
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